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Abstract: The mechanical properties of modified sea water sea sand coral con-
crete (SWSSCC) under axial compression were experimentally studied. Two dif-
ferent parameters were considered in this test: types of cement and fiber. An
experimental campaign was developed involving uniaxial compression tests and
the use of digital image correlation (DIC) method to analyze the strain distribution
and crack propagation of specimen. Test results indicated that the compressive
strength and elastic modulus of SWSSCC were improved by adding stainless steel
fibers (SSF), while polypropylene fibers (PF) enhanced the SWSSCC peak defor-
mation. It was found that the elastic modulus and strength of SWSSCC using
ordinary Portland cement (OPC) were higher compared to specimen with low alka-
linity sulphoaluminate cement (LAS). Typical strain distribution changed with the
variation of fiber types. The propagation and characteristics of cracks in SWSSCC
containing PF were similar to those of cracks in SWSSCC. However, the propaga-
tion of cracks and the development of plastic deformation in SWSSCC were effec-
tively hindered by adopting SSF. Finally, an analytical stress-strain expression of
specimen considering the influences of fibers was established. The obtained results
would provide a basis for the application of SWSSCC.

Keywords: Sea water sea sand coral concrete; modified concrete; mechanical
properties; stress-strain curve; crack propagation; strain distribution

Notation
a, b: parameters in stress-strain curve
dsf: diameter of SSF
dpf: diameter of polypropylene fibers (PF)
Ec: elastic modulus of concrete
fa: tube compressive strength of coral coarse aggregates
fc: prismatic compressive strength of concrete
fcu: cubic compressive strength of concrete
fcu,k: standard value of concrete cubic compressive strength
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lsf: length of SSF
lpf: length of PF
Qa: clay dosage of aggregates
W: water absorption of aggregates
α: CI- content in cement mortar
β: shell content in sea sand
εc: peak strain of concrete
ε: axial strain of concrete
υo: initial Poisson’s ratio
υ: Poisson’s ratio
λsf: characteristic value of SSF
λpf: characteristic value of PF
ρo: apparent density of aggregates
ρsf: volume fraction of SSF
ρpf: volume fraction of PF
σc: axial stress of concrete
σmax: peak stress of sliced concrete

1 Introduction

The construction of islands in the ocean has become a new imperative for China due to the
implementation of marine development strategy in recent years. However, these islands are far away from
the mainland and lack fresh water, river sand and gravel, which need ships to transport construction
materials [1]. The construction cost is increased and the period is extended. Therefore, finding an
alternative concrete made from environmentally-friendly materials becomes important.

Sea water sea sand coral concrete (SWSSCC) can replace fresh water, river sand and gravel with sea
water, sea sand and coral coarse aggregate (CCA), respectively. Sea water, sea sand and coral aggregate
have many advantages such as locally available materials and low cost [2]. The application of SWSSCC
saves the terrestrial resources and makes full use of the ocean resources. SWSSCC is an important
environmentally friendly material. However, sea water and sea sand contain many chloride ions (Cl-),
sulfates (SO4

2-) and shell particles [3], and coral coarse aggregates contain many holes. The mechanical
properties of SWSSCC are complicated. Typical influences of sea water, sea sand and coral aggregate on
the properties of concrete have been studied in recent years. The physical properties varied with the
variation of material composition. It was shown that sea water affected the setting time of concrete, and
the workability of sea water concrete (SWC) was improved by adding the appropriate admixture [4,5].
The microstructure and hydration products of SWC were different from those of ordinary concrete
(concrete using gravels/pebbles, river sand and fresh water) [6]. It was found that axial compressive
strength of SWC was higher than that of ordinary concrete at early age [7–9], while these differences
were negligible after long-term exposure [10,11]. The corrosion of reinforced SWC was serious due to
the influences of Cl- and SO4

2-, while the corrosion can be reduced by adding the mineral admixture such
as metakaolin [12–14]. Etxeberria et al. [9] reported that the plastic shrinkage of SWC was low compared
to ordinary concrete. Typical influences of sea sand on workability, mechanical properties and durability
were similar to those of sea water due to the addition of Cl- [15–17]. But sea sand reduced the fluidity
and strength of concrete due to shell particles.

There have been several experimental studies on the mechanical properties of coral aggregate concrete
(CAC). Arumugam et al. [18], Wang [19] and Ehlert [20] found that strength of coral aggregate concrete was
higher than that of ordinary concrete at early age. The 7d compressive strength of CAC was about 85–90% of
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28 d compressive strength, and the growth of CAC strength was likely to slow down after 7 d. It was verified
that CAC exhibited a 56% increase in strength after 11 years [20]. The workability of CAC was accepted after
adding additional water [21]. It was found that axial compressive strength of CAC increased with a decrease in
water-cement ratio [2,21]. Furthermore, adding fibers (carbon fiber and sisal fiber, etc.) and mineral admixtures
(metakaolin and silica fume) would enhance the strength of CAC [22,23].

These above studies provided references for the application of the SWSSCC. But the current studies
mainly focused on basic mechanical properties of SWSSC. The load-deformation relationship and
deformability were not systematically studied. Wang et al. [24] and Da et al. [2] obtained the whole
stress-strain curve of sea water coral concrete. It was found that the ascent stage of sea water coral
concrete was similar to that of ordinary concrete, while the failure of sea water coral concrete was brittle.
The ductility of coral aggregate concrete was low compared to ordinary concrete. The application of
SWSSCC is restricted due to the above shortcomings.

At present, there are few studies on the improvement of the strength and ductility of SWSSCC. In this
test, different types of cement (OPC, LAS) and fibers were considered to enhance the properties of SWSSCC,
which was attributed to LAS cement and fibers (SSF, etc.) could not only reduce the negative influence of
sulfates but also improve the mechanical properties and durability. An experimental system was
developed involving a uniaxial compression test and the use of digital image correlation (DIC) method. It
can obtain the mechanical properties of SWSSCC and analyze the strain distribution and crack
propagation of specimen. The study provided deeper insight into the elastic development, cracking and
failure of modified SWSSCC. The variations in mechanical properties of concrete at macro-and micro-
scales were investigated. Finally, an analytical stress-strain expression was also proposed. The obtained
results would provide a basis for the practical application of modified SWSSCC.

2 Experimental Program

2.1 Materials
42.5R ordinary Portland cement (OPC) and low alkalinity sulphoaluminate cement (LAS) were adopted.

Typical characteristics of LAS can be described as high frost and corrosion resistances and good
impermeability [25]. The X-ray fluorescence analysis method was used to obtain the chemical
composition of cement (Tab. 1). The fine and coarse aggregates were sea sand and coral coarse aggregate
(CCA), respectively (Fig. 1). Detailed particle size distribution of aggregates is shown in Fig. 2. The
mixing water was sea water which was obtained from Qingdao harbor of China. The main ions in
seawater were obtained by the ion chromatography method. Basic properties/composition of aggregates
and water are listed in Tabs. 2 and 3.

The mix proportion in the test was Cement: Sand: Coarse aggregate: Water = 1: 1.3: 2.6: 0.43. The mix
proportion of specimen was designed according to the related standard [26]. The target strength of specimen
was about C30-C35, which was commonly used in the world.

Furthermore, stainless steel fibers (SSF) and polypropylene fibers (PF) were used in this test (Fig. 3).
The diameter and length of SSF (PF) were 1.42 mm (0.048 mm) and 37 mm (18 mm), respectively. The
strength, elastic modulus and density of SSF (PF) were 360 MPa (412 MPa), 2.1 × 105 MPa (4 × 103

MPa) and 7.8 g/cm3 (0.91 g/cm3), respectively.

2.2 Specimen Details and Testing Instruments
The concrete mixes were prepared as follows. Firstly, cement, sea sand and 1/3 of sea water were added

and mixed for about 2 min. Secondly, coral coarse aggregates and 1/3 of sea water were added and mixed for
2 min. Finally, adding fibers and the remaining sea water, and mixing it uniformly. All specimens were
immersed in sea water until the test age of 28 days (temperature: 20 ± 2°C).
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Table 1: Chemical composition of cements

Al2O3

(%)
SiO2

(%)
Fe2O3

(%)
CaO
(%)

SO2

(%)
R2O
(%)

MgO
(%)

Others
(%)

Loss on
ignition (%)

OPC 6.02 21.82 3.65 60.79 2.21 0.59 2.07 0.72 2.13

LAS 30.55 10.65 2.49 42.44 9.27 0.35 2.52 0.71 1.02

Figure 1: Coarse and fine aggregates (a) Coral coarse aggregates (b) Sea sand
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Figure 2: Particle size distribution (a) Fine aggregates (b) Coarse aggregates

Table 2: Basic properties of coarse aggregates

Size (mm) Bulk density
(kg/m3)

Apparent
density (kg/m3)

Water
absorption (%)

Clay
dosage (%)

Shell
content (%)

CCA 5–25 978 1850 12.9 8.6 –

Sea sand 0.15–4.75 1620 2635 – 0.8 1.8
* Bulk density is obtained under the dry condition.

Table 3: The main ions of sea water

Ingredients Cl−(μg/l) Na+(μg/l) SO4
2−(μg/l) Mg2+(μg/l) Ca+(μg/l)

19831 16563 1936 777 888
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There were 7 different groups of SWSSCC considering the types of cement and fiber. Each group had
54 prismatic specimens (100 × 100 × 300 mm3) and 54 cubic specimens (100 × 100 × 100 mm3).
Furthermore, there were 3 sliced specimens (100 × 100 × 15 mm3) in each group to study the crack
propagation and strain distribution of specimen. The sliced specimen was cut from cubic concrete by a rock cutter.

Specimen was named according to test parameters (Tab. 4). PC and SC represent SWSSCC adopting
OPC and LAS, respectively. SC-P and SC-S denote SC using PF and SSF, respectively. SC-PS represents
SC adopting both PF and SSF. Taking “SC-P-A” as an example, “SC-P” denotes SWSSCC adopting low
alkalinity sulphoaluminate cement and polypropylene fiber, “A” represents the fiber addition is 1.0 kg/m3.
Details of specimen are listed in Tab. 4.

2.3 Test Instruments and Loading Program
Two different loading systems were adopted to obtain the mechanical properties of specimen. The

loading systems for prismatic/cubic specimen and sliced specimen are shown in Figs. 4a and 4b, respectively.

The loading system for prismatic/cubic specimen consisted of two parts (Fig. 4a): a 2000 kN electro-
hydraulic servo tester and a computer system. The recorded axial displacement was deformation of mid-
span of prismatic concrete (100 mm). The loading system for sliced concrete (Fig. 4b) included an
electro-hydraulic servo tester (400 kN), a video system with 1 million resolution industrial camera, and
the lighting and computer systems. Two strain gauges were pasted on both sides of sliced concrete to
measure axial deformation of specimen.

Figure 3: Stainless steel fiber and polypropylene fiber (a) Stainless steel fibers (b) Polypropylene fibers

Table 4: Details of specimen

No. Specimen Type of
cement

SSF
(%)

PF
(kg/m3)

Cl- in cement
mortar (%)

Characteristic
values of SSF

Characteristic
values of PF

1 PC OPC – – 0.40 – –

2 SC LAS – – 0.33 – –

3 SC-S-A LAS 1.0 – 0.33 0.26 –

4 SC-S-B LAS 1.5 – 0.33 0.39 –

5 SC-P-A LAS – 1.0 0.33 – 0.75

6 SC-P-B LAS – 1.5 0.33 – 1.10

7 SC-PS LAS 1.47 1.21 0.33 0.38 0.89
*The percentage for added stainless steel fiber is by volume. The volume fractions of SC-P-A and SC-P-B were 0.11% and 0.16%, respectively. The
volume fraction of PF in SC-PS was 0.13%.
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2.4 Experimental Procedure
2.4.1 Prismatic and Cubic Specimens

The loading mode of experiment was in the form of displacement pattern, and the loading rate was
0.07 mm/min considering the efficiency and data. All specimens were preloaded with 10% of the
predicted peak load before actual experiment to ensure normal work of test set-up. The deformation
measurement system included strain gauges and displacement transducers. Axial and transverse
deformations of prismatic specimens were measured with the linear displacement sensors (YHD-50)
and the strain gauges. The deformation was recorded by data acquisition system (DH5902), and the
period of data acquisition was 0.2 s.

2.4.2 Sliced Specimen
The loadingmode and rate of sliced concrete were similar to those of prismatic concrete. The sliced specimen

was preloaded with 2 kN before actual loading, which lessened the stress concentration and ensured normal work
of loading devices. Two 100 mm strain gauges were pasted on both sides of specimen. The uniform axial
deformation of sliced specimen was obtained by strain gauges. Test results were recorded by data acquisition
system, and the period of data acquisition was 0.5 s. Axial strain gauges only obtained the ascent stage of
stress-strain curve precisely due to the cracking of concrete. The displacement transducers installed in electro-
hydraulic servo tester was used to measure the declining stage of curve.

Furthermore, a video system was utilized to obtain digital information of specimen. The period of image
acquisition was 0.5 s.

3 Experimental Results and Discussion

3.1 Experimental Phenomena
3.1.1 Failure Process

Axial stress increased linearly with the increase in deformation at the initial stage of loading. The load-
deformation curve of modified SWSSCC became nonlinear when axial stress was 30 % of the peak stress (fc).

Figure 4: Loading systems (a) Prismatic and cubic specimens (b) Sliced concrete
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The visible fine crack was observed after axial stress reached 0.8–0.9 fc, while its size was small. It was found
that cracks increased rapidly when axial stress approached fc. But cracks in SWSSCC with SSF propagated
steadily and the brittle failure of specimen was not observed. This is because SSF prevent the development of
macro-cracks. However, cracking of SWSSCCwith PF developed quickly compared to SC-S-A and SC-S-B.
This is due to the low elastic modulus of PF. Typical failure of SWSSCC with PF was brittle. Furthermore,
the failure process of SWSSCC was not changed after mixing different concrete types. It was shown that
cracks drastically propagated after fc, and the SC and PC specimens failed suddenly. It can be attributed
to the interlocking mechanism of PC and SC failed after fc.

3.1.2 Failure Surface
Typical failure patterns of modified SWSSCC are shown in Fig. 5. It was found that inclination angle

between macro-cracks and loading direction of PC was about 35°–40°, however, the inclination angle of
SC was 30°–35°. The failure surface of SC was smooth and all coral coarse aggregates were broken
compared to SC-S-A and SC-S-B (Fig. 6a). It was verified that the interlocking mechanism between
cement mortar and coral coarse aggregates failed after fc. Furthermore, the inclination angle of specimen
with SSF (SC-S-A, SC-S-B) was about 25°–35° (Fig. 5). Typical failure surface of SC-S-B was smooth
and most of coarse aggregates were broken (Fig. 6b), while steel fibers were seldom damaged. It was
shown that steel fibers not only delayed propagation of crack but also provided interlocking action after
the peak stress. Furthermore, typical failure surface of SWSSCC with PF is shown in Fig. 6c. Most of
polypropylene fibers were broken. However, a few of fibers were intact. It was found that PF just delayed
crack propagation. The interlocking action between CCA and cement was not improved (SC-P) after the
peak stress. The failure of SWSSCC with PF was brittle.

3.2 Poisson’s Ratio
3.2.1 Initial Poisson’s Ratio

The initial Poisson’s ratio (υo) of specimen is listed in Tab. 5. Details of experimental procedure could be
found in [2]. It was found that υo increased with an increase in SSF content. Test results indicated that υo of
SC-S-B was high compared to other specimens.

The υo changed with the variation of cement type. It was found that υo of PC (0.24) was 12.9% lower
than that of PC. The υo of SC-P-A and SC-P-B were 0.7% and 3.7% lower than that of SC, respectively.
Therefore, the statistical analysis (ANOVA method) was used to determine that, and Matlab software was
adopted to code the related program. The PF effect on υo of SWSSCC was negligible according to
ANOVA analysis. Furthermore, υo of specimen containing PF and SSF (SC-PS) was about 20.7% higher
than that of SC.

3.2.2 Development of υ
The lateral deformation coefficient (υ) is the ratio of transverse strain to axial strain. Typical

development of υ of modified SWSSCC is shown in Fig. 7. It was found that υ was small at the early
stage of test. It became large (0.4–0.6) when axial stress (σ) reached 70%–90% of fc due to micro-
cracking of concrete. Test results indicated that υ drastically increased when stress approached fc. It was
found that υ of SC-S developed slowly compared to other specimens. This is because steel fibers delay
the crack propagation and restrain the development of transverse deformation.

3.3 Elastic Modulus
The elastic modulus of specimen (Ec) is listed in Tab. 5 [2]. It was found that Ec increased with an

increase in SSF content. The Ec of SC-S-B was about 5.6% higher than that of SC-S-A. This difference is
attributed to the high modulus of steel fiber.
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Furthermore, typical influence of PF on Ec varied with the variation of content. It indicated that Ec of SC-
P-Awas 1.42% lower than that of SC, while Ec of SC-P-B was 0.6% higher than that of SC. This is because
the combined results of the low modulus of PF and the improvement of concrete properties by PF. The
influence of PF on Ec was negligible by ANOVA analysis.

It was verified that Ec of specimen containing PF and SSF (SC-PS) was higher than that of SC due to
high modulus of steel fiber. Ec changed with the variation of cement type. The elastic modulus of PC was
4.6% higher than that of SC. The influence of LAS on Ec of SWSSCC was improved by adding SSF
compared to PF. It was found that Ec of SC-S-B was 2.3% higher than that of PC.

Figure 5: Typical failure of prismatic specimen (a) PC (b) SC (c) SC-S-A (d) SC-S-B (e) SC-P-A (f) SC-P-B
(g) SC-PS
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3.4 Compressive Strength
3.4.1 Prismatic Compressive Strength (fc)

SSF enhanced prismatic compressive strength of SWSSCC (Fig. 7), and fc increased with an
increase in SSF content. The fc of SC-S-B was about 13.4% and 12.9% higher than those of SC-S-A
and SC, respectively. This is because steel fibers delay the development of cracks and improve the
mechanical properties.

Figure 6: Failure surface (a) SC (b) SC-S-B (c) SC-P-B

Table 5: Experimental results

Group No. Specimen υo Ec (×10
4MPa) fc (MPa) fc/fcu εc (ε)

1 PC 0.240 2.57 37.8 0.86 0.002265

2 SC 0.271 2.46 34.4 0.93 0.002224

3 SC-S-A 0.267 2.49 34.2 0.92 0.002183

4 SC-S-B 0.349 2.63 38.8 0.98 0.002435

5 SC-P-A 0.269 2.42 31.2 0.90 0.002312

6 SC-P-B 0.261 2.47 36.3 0.98 0.002568

7 SC-PS 0.327 2.58 36 0.91 0.002474
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Figure 7: The development of lateral deformation coefficient
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The compressive strength changed with the variation of PF content. It was found that fc was decreased
when PF content was less than a certain value. The fc of SC-P-Awas 5.6 % lower that of SC, while fc of SC-P-
B was 0.5 % higher than SC. It can be attributed to the combined effects of low modulus of PF and
improvement of concrete properties by PF. Based on ANOVA analysis, the effect of PF on fc became
small when PF content was less than a certain value (1.0 kg/m3). Furthermore, fc was improved after
mixing different types of fibers. The prismatic compressive strength of SC-PS was high compared to SC.

Test results indicated that fc changed with the variation of cement type. The compressive strength of
SWSSCC using OPC (PC) was about 9.9% more than that of SWSSCC adopting LAS (SC). The reasons
for this phenomenon are as follows. (1) Sea water with high Cl- concentration restrains SO4

2- from
binding with cement (tricalcium aluminate, C3A) and significantly decreases the sulfates attack of
concrete [27,28]. The negative influences of sulfates attack on micro-and macro-structures of concrete
become negligible. (2) The C3A content of OPC is high compared to LAS. The Cl- (sea water and sea
sand) react with C3A to form Friedel’s salt in concrete. Etxeberria et al. [5] observed that the porosity of
sea water concrete was reduced and the compressive strength was improved due to an accumulation of
salts in pores of concrete [29]. The more C3A in cement is, the more Friedel’s salt in SWSSCC is, and
the higher strength is.

Furthermore, SSF reduced the effect of LAS on SWSSCC compressive strength. The fc of SC-S-B was
about 3 % more than that of PC.

3.4.2 fc/fcu
The ratio of prismatic compressive strength (fc) to cubic compressive strength (fcu) is listed in Tab. 5 (fc/fcu).

Test results indicated that fc/fcu of modified SWSSCC (0.85) was higher than that of ordinary concrete [30]. The
fc/fcu increased with the increases in PF and SSF contents. But the influence of OPC on fc/fcu was negative.

3.5 Peak Strain
The peak stain (εc) is the axial strain corresponding to fc (Tab. 5). It was verified that εc increased with an

increase in fc. The polypropylene fibers obviously enhanced the peak strain of SWSSCC, while the influence
of SSF on εc was small. Test results indicated that εc of specimen with PF (SC-P) was averagely 5.7 % higher
than εc of specimen with SSF (SC-S). That can be explained as the polypropylene fibers decrease modulus of
concrete, which leads to an increase in deformation.

The εc of SC was more than that of PC by adding SSF or PF. It was found that a 10 percent increase of εc
was obtained for the SC-S-B and SC-P-B compared to PC.

3.6 Stress-Strain Curve
The stress-strain curve (SSC) of modified SWSSCC was divided into elastic, elastic-plastic ascending

and declining stages (Fig. 8).

1. Elastic Stage

Axial stress increased linearly with an increase in strain in this stage (about 0.1–0.3fc). The slope of PC
curve was more than that of SC (Fig. 8a). It was found that SSF improved the slope of SSC (Fig. 8b).
Furthermore, typical influence of PF on initial slope of SSC was positive when PF content was more than
a certain value. The slope of SC-P-B curve was high compared to SC.

2. Elastic-Plastic Ascending Stage

The relationship between axial stress and strain was nonlinear in the elastic-plastic ascending stage
(about 0.3–1.0 fc). It was found that the curvature of SC stress-strain curve was higher than that of PC
stress-strain curve (Fig. 8a). This is because the Friedel’s salt in PC fills pores, improves physical
properties of cement mortar [5] and decreases the plastic deformation and micro-cracks of concrete.
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Furthermore, the curve curvature of SWSSCC with SSF was lower than that of SWSSCC with PF (Figs.
8b and 8c). This indicated that the plastic deformation and micro-cracks of SC-P (SC-P-A and SC-P-B) were
large compared to SC-S (SC-S-A and SC-S-B). The curve curvature increased with a decrease in
polypropylene fibers content.

3. Declining Stage

The axial stress of SC and PC dropped suddenly and specimens failed quickly after the peak stress
(Fig. 8a). This is because the interlocking mechanism between cement mortar and coral coarse aggregates

(a)

(b)

(c)

0

10

20

30

40

0 0.001 0.002 0.003 0.004 0.005 0.006

St
re

ss
 (

M
pa

)
St

re
ss

 (
M

pa
)

St
re

ss
 (

M
pa

)

Strain (ε)

PC

SC

0

10

20

30

40

0 0.001 0.002 0.003 0.004 0.005

Strain/(ε)

PC

SC-P-A

SC-P-B

0

10

20

30

40

0 0.001 0.002 0.003 0.004 0.005 0.006

Strain/(ε)

PC

SC-S-A

SC-S-B

SC-PS

Figure 8: The stress-strain curve of specimen (a) Specimen without fibers (b) A comparison between PC
and the specimens with PF (c) A comparison between PC and the specimens with SSF
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failed, and the main cracks quickly cross cement mortar and coral coarse aggregates. However, axial stress of
SWSSCC containing SSF decreased gradually and the deformation of specimen was obvious compared to
SC (Figs. 8b and 8c). It can be attributed to steel fibers not only delay the crack development but also
provide an interlocking action. Furthermore, the ductility of SWSSCC was slightly improved by adding
PF, which was due to the crack resistance of PF (Figs. 8b and 8c).

4 DIC Results and Discussions

An experimental campaign was developed involving uniaxial compression tests and the use of DIC
method to analyze the strain distribution and crack propagation of modified SWSSCC. The DIC method
can obtain surface deformation of specimen by non-destructive technique (optical technique) [31]. It
assumes that the light intensity field remains point-wise unchanged. It captures the initial non-deformed
image and subsequently deformed image by camera, tracks random speckle patterns in the specimen
surface, and calculates cross-correlation coefficient by using the fundamental photogrammetry and digital
image processing rules [32]. The displacement of speckle patterns is smoothed, and the strain of
specimen is calculated by using related algorithm. Finally, the characteristics of crack are detected based
on the digital image processing rules. Details of DIC program were presented in Huang et al. [33], and
Matlab software was adopted to code related numerical procedure. Typical illustrations of sliced
specimens are shown in Fig. 9. The obtained results provided deeper insight into the elastic development,
cracking and failure of modified SWSSCC.

A comparison between the calculated axial strains (through DIC method) and the real ones was
performed. The differences between the test results and the results obtained by DIC method were
acceptable. The mean value and standard deviation of errors were 0.089 pixel and 0.038 pixel, respectively.

4.1 The Strain Distribution
4.1.1 Axial Strain

Typical axial strain distribution of SC, SC-S-A, SC-P-B and SC-PS at different loading stages is shown
in Figs. 11–13 (Fig. 10 presents the tested specimens). Axial strain distributed un-uniformly at the initial
stage of loading (0.1σmax) (Fig. 11), which was caused by the inhomogeneous concrete phases (cement
mortar and coarse aggregates, etc.). It was found that the value of axial strain increased with the increase
in stress. The high-value strain crossed the cement mortar, ITZs and coral coarse aggregates when stress
reached the peak point (σmax) (Fig. 12). The size of axial high-value strain increased rapidly after σmax

(Fig. 13). Axial strain distribution changed with the variation of stress due to the appearance of macro-cracks.

Test results indicated that the strain distribution of modified SWSSCC varied with the variation of fibers
type. The differences between strain distribution of SC and that of SC-S-B, SC-P-B and SC-PS were
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Figure 9: The typical sliced specimen (a) SC (b) SC-S-B
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Figure 10: The tested sliced specimen (a) SC (b) SC-S-B (c) SC-P-B (d) SC-PS
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negligible at the early stage of loading (0.1σmax) (Fig. 11). However, these differences became large when
axial stress approached σmax. It was found that the size of axial high-value strain in SC was large
compared to SC containing SSF (SC-S-B and SC-PS) (Figs. 12a, 12b and 12d). This is because the
developments of cracks and plastic deformation are restricted. The high modulus and strength of SSF and
the interlocking action between cement mortar and SSF hindered the crack propagation. But the
differences between the axial high-value strain in SC and that in SC-P-B were small when axial stress
reached σmax (Figs. 12a and 12c). It can be attributed to the low modulus of PF.

After σmax, the axial high-value strain distribution of SC was similar to that of SC-P-B (Figs. 13a–13d).
This indicated that the influence of polypropylene fibers on deformation was negligible after the peak point.

4.1.2 Transverse Strain
Typical transverse strain distribution of specimens is shown in Figs. 14–16. It distributed irregularly

(Fig. 14) at the initial stage of loading (0.1 σmax), which was caused by the non-homogeneous concrete
phases. Transverse strain changed with the increasing axial stress. The transverse high-value strain of
modified SWSSCC crossed the cement mortar, coral coarse aggregate and ITZs when axial stress reached
σmax (Fig. 15). Furthermore, it was found that the transverse strain drastically increased after the peak
point (Fig. 16). It is attributed to the interlocking action between CCA and cement mortar failed and the
coarse aggregates are fractured.

Typical influence of fibers (PF and SSF) on the transverse strain distribution was negligible at the
beginning of loading process (Fig. 14). However, the number and size of transverse high-value strains in
SC-S-B and SC-PS were lower than those of transverse high-value strain in SC when axial stress
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approached σmax (Figs. 15a, 15b, 15d). The range of high-value strains in SWSSCC adopting SSF was
small compared to SC-P. That can be attributed to steel fibers hinder the crack propagation of concrete
effectively. Furthermore, the distribution of transverse high-value strain in SC was seldom affected by PF
(Figs. 15a and 15c).

After the peak point, the transverse stain development of SC-S-B and SC-PS was slow compared to SC
(Figs. 16a, 16b, 16d). Typical effect of PF on the size of transverse high-value strain (length and area) was
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negligible, while the value of high-value strain in SC-P-B was small compared to SC (Figs. 16a, 16c). It is
attributed to the crack resistance behavior of PF.

4.2 The Characteristics of Crack Propagation
Typical crack propagation of modified SWSSCC at different loading stages is shown in Figs. 17–19. It

should be noted that the map covers the entire area of the specimen photo.

It was shown that the crack development of SC was different from that of SC-PS and SC-S-B. The crack
propagation of SWSSCC was hindered by SSF. The number and size of micro-cracks in SWSSCC adopting
SSF (SC-S-B) were small compared to SC (Figs. 17 and 18a and 18b). The micro-cracks of SC-S-B mainly
appeared in cement mortar (Figs. 18a and 18b), while those of SC appeared in coral coarse aggregates
(Figs. 17a and 17b). The cracking of SC drastically increased after the peak stress compared to SC-S-B,
and it crossed the cement mortar, ITZs and coral coarse aggregates of SC (Figs. 17c–17d). However, the
propagation of cracks was hindered by SSF after σmax (Figs. 18c–18d). Test results indicated that the
number and length of cracks in SC-S-B were small (Figs. 18c–18d), while the width of main cracks was
large. That is because the influence of SSF.
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It was found that the influence of PF on SWSSCC crack propagation was small compared to SSF. Test
results indicated that the length and number of cracks in SC-P-B were higher than those of cracks in SC-S-B
before σmax (Figs. 18 and 19a and 19b). The micro-cracking of SC-P-B mainly appeared in cement mortar.
However, the crack propagation of SC-P-B was changed after σmax. It was shown that macro-cracks quickly
crossed the whole surface of SC-P-B, which was different from SC-S-B (Figs. 19c–19d). Typical
characteristics of SC-P-B cracks (length and numbers, etc.) after the peak point were similar to those of
SC cracks (Figs. 17c and 19c). But the width of SC-P-B cracks was lower than that of SC cracks. It can
be attributed to the crack resistance properties of PF.

5 Approximation of the Stress–Strain Relations

The stainless steel fibers and polypropylene fibers obviously improved the mechanical properties of
SWSSCC based on the above studies. However, there were few analytical expressions for the stress-strain
relation of SWSSCC adopting SSF and PF. According to experimental data and related results [2,34–36],
a new expression for modified SWSSCC was suggested. The effects of fibers and composition materials
(coral coarse aggregates, Cl- and shell contents in sea water and sea sand, etc.) were considered [2,35–
37]. A specific analytical stress-strain relation can be expressed as
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y ¼
axþ ð3� 2aÞx2 þ ða� 2x3Þ 0 � x � 1

x

bðx� 1Þ2 þ x
x � 1

ð1; 2Þ

8><
>:

In Eqs. (1–2), y = σc/fc, x = ε/εc. a and b are calculated as follows. fc and εc are the prismatic compressive
strength and peak strain of concrete, respectively. σc and ε are the axial stress and strain of concrete, respectively.

Parameter a

The parameter a is the initial slope of stress-strain curve, which represents the initial modulus of
specimen. The larger a is, the larger the curvature of curve is.

a ¼ 1:66� 1:74a0:24 � 1:29bþ 0:86�sf þ 0:39�pf (3)

In Eq. (3), α is the Cl- content in cement mortar [37], β denotes shell content in sea sand. λsf (λsf = ρsflsf/
dsf) and λpf (λpf = ρpflsf /dpf) represent the characteristic values of SSF and PF, respectively (Tab. 4). ρsf and
ρpf are the volume fractions of SSF and PF, respectively. lsf (lsf) and lpf (lpf) represent the lengths (diameters)
of SSF and PF, respectively.
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Parameter b

b denotes the area under the declining part of stress-strain curve. The higher b is the less ductility of
concrete is. A specific expression of b is obtained according to the test results.

b ¼ 9:04þ 149:31a0:35 � 61:06b� 37:47�sf � 9:69�pf : (4)

In Eq. (4), α and β are Cl- and shell contents, respectively. λsf and λpf are the characteristic values of SSF
and PF, respectively.

A comparison between experimental curves and calculated ones are shown in Fig. 20. It was found that
the difference was small. The suggested stress-strain relation can be used in theoretical analysis and practical
design. Furthermore, the analytical model is applicable to modified SWSSCC with a strength grade of C30-
C40, an SSF addition of 1–1.5% and a PF content of 1.0–1.5 kg/m3.

6 Conclusions

A new experimental campaign was developed to study the mechanical properties of modified SWSSCC.
The results lead to the following conclusions.

Typical failure of SWSSCC containing SSF is ductile, while the failure of SWSSCC adopting PF is
brittle due to the low modulus of PF. This means that SSF effectively delay the crack propagation after
the peak stress. The ductility of SWSSCC adopting SSF is acceptable.
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The elastic modulus and compressive strength of modified SWSSCC increase with an increase in SSF
content. However, PF obviously improves the peak strain of SWSSCC. This implies that the high modulus
and strength steel fibers enhance the strength and stiffness of SWSSCC. However, low modulus PF just
increases the peak deformation of SWSSCC. The strength and peak strain of SWSSCC are enhanced by
adding SSF and PF simultaneously. The elastic modulus and strength of SWSSCC adopting OPC is about
5–10% higher than those of SWSSCC using LAS. This implies that high Cl- concentration seawater
decreases the sulfates attack on concrete.

The macro-cracks and high-value strain quickly cross CCA and cement mortar. The characteristics of
cracks in SWSSCC containing PF are similar to those of cracks in SWSSCC. However, cracks
propagation of SWSSCC adopting SSF is hindered. It implies that the development of cracks and plastic
deformation is improved by SSF compared to PF.

Stainless steel fibers improve the declining stage of stress-strain curve, however, the influence of PF is
negligible. This is attributed to steel fibers provide interlocking action and restrain the propagation of cracks.
An analytical expression for stress-strain curve considering the influences of SSF and PF is also suggested. It
characterizes the mechanical properties of modified SWSSCC. The analytical expression can be directly used
in theoretical analysis and practical design, which provides a basis for the application of SWSSCC.

This study provides deeper insight into the strength, ductility, elastic development, cracking and failure
of modified SWSSCC. The obtained results are necessary for the establishment of constitutive models
(damage mechanics model and plasticity model, etc.). Furthermore, further studies will focus on the long-
term properties of modified SWSSCC. This is because there are many chloride ions (Cl-), sulfates (SO4

2-)
and shell particles in materials. The long-term properties of modified SWSSCC are complicated.
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